This article presents tests of the theoretical predictions on optimal soaring and gliding flight of large, diurnal migrant* using Pennycuick's program 2 for "bird flight performance." Predictions were compared with 141 observed flight paths of migrating steppe buzzards, Buteo butto vulpinus. Calculations of cross-country speed relative to the air included bird's airspeeds and sinking rates in interthennal gliding and climbing rates in thermal circling. Steppe buzzards adjusted interthermal gliding airspeed according to their actual climbing rate in thermal circling. By optimizing their gliding airspeed, the birds maximized their crosscountry performance relative to the air. Despite this general agreement with the model, there was much scatter in the data, for the model neglects horizontal winds and updrafts during the gliding phase. Lower sinking rates due to updrafts during the gliding phases allowed many birds to achieve higher cross-country speeds than predicted. In addition, birds reacted to different wind directions and speeds: in side and opposing winds, the steppe buzzards compensated for wind displacement during soaring and increased their gliding airspeed with decreasing tailwind component NeveKheless, cross-country speed relative to the ground, which is the important measure for a migratory bird, was still higher under following winds. This study shows that Pennycuick's program 2 provides reliable predictions on optimal soaring and gliding behavior using realistic assumptions and constants in the model, but a great deal of variation around the mean is generated by factors not included in the model. , 1995) , and steppe eagles, AquUa ntpalmsis (Spaar and Bruderer, 1996), react to different thermal conditions; they increase their interthermal gliding airspeed when circling in strong thermal convections. Both steppe buzzards and steppe eagles seem to be able to estimate their own climbing rate while soaring and to adjust a thermal-dependent gliding airspeed. By increasing their airspeed under favorable thermal conditions, they reach higher cross-country speeds. Are they therefore maximizing cross-country speed and minimizing time consumption by optimizing airspeed? Flight mechanical theory by Pennycuick (1989) predicts optimal gliding airspeed depending on the actual climbing rate if birds maximize their cross-country speed. We compare these predictions to optimal flight behavior with the empirical flight behavior of migrating steppe buzzards.
source of potential energy (Kerlinger, 1989), and birds usually gain altitude by circling in these thermals. Energy consumption (kj'h) in soaring-gliding flight is independent of flight speed and increases linearly with flight duration. To minimize energy consumption per distance, a soaring and gliding migrant should therefore maximize its cross-country speed by adjusting its gliding airspeed to the actual climbing rate in a thermal Steppe buzzards, Buteo buteo vulpinus (Spaar, 1995) , and steppe eagles, AquUa ntpalmsis (Spaar and Bruderer, 1996) , react to different thermal conditions; they increase their interthermal gliding airspeed when circling in strong thermal convections. Both steppe buzzards and steppe eagles seem to be able to estimate their own climbing rate while soaring and to adjust a thermal-dependent gliding airspeed. By increasing their airspeed under favorable thermal conditions, they reach higher cross-country speeds. Are they therefore maximizing cross-country speed and minimizing time consumption by optimizing airspeed? Flight mechanical theory by Pennycuick (1989) predicts optimal gliding airspeed depending on the actual climbing rate if birds maximize their cross-country speed. We compare these predictions to optimal flight behavior with the empirical flight behavior of migrating steppe buzzards.
Wind is also an important factor for soaring migrants. In opposing winds, birds soaring in thermals drift against the migratory direction, and gliding groundspeeds are reduced. In following winds, birds profit while circling and gliding from an additional progress in the migratory direction. Do birds react to different wind conditions in soaring and gliding flight? According to flight theory, optimal searing and gliding behavior is independent of wind direction (Pennycuick, 1989) : soaring birds optimize their flight performance in relation to the air by maximizing cross-country speed in relation to the air, wind is considered as factor linearly reducing or enhancing cross-country speed in relation to the ground. Theoretical relationship between the gliding superpolar and the resulting cross-country speed when adopting different airspeeds (after Pennycuick, 1989) . Gliding superpolar relation between airspeed and linking rate while gliding. V^; gliding airspeed with the minimum «JTilrlTig rate. V^ gliding airspeed with die best gliding to sinking ratio and, thus, with the «vii^«t gliding angle (tangent from 0 vertical speed to the superpolar). V^ optimal airspeed if die cross-country speed is maximized; it depends on the actual rUn^King rate in thermal circling (tangent from rHmhing rate to die superpolar). V^%^ crocs-country speed if gliding with V H between hl lĝ g thermal*, cross-country speed if gliding with V_ between thermal*.
Thus, if soaring bird* behave according to the theory, they should react similarly regardless of different winds. This study analyzes the flight performance of steppe buzzards under differing wind conditions.
MATERIALS AND METHODS
Theory on optimal soaring »nA giiAing flight after Pennycuick (1989) The gliding performance of a bird depends on biometric characteristics (body mass, wing span, wing area, and aspect ratio of the wings) and on physical constraints like gravity and air density. Gliding performance is described by the "gliding superpolar," which gives the relationship between die bird's airspeed and the sinking rate while gliding (Figure 1 ). At the airspeed V_ (ms, minimum sink), a bird glides with die minimum sinking rate. By flexing the wings, reducing both wing span and area, it increases airspeed and sinking rate while gliding. The bird reaches the best ratio between airspeed and sinking rate at the airspeed V % (bg, best glide), and thus coven the maximum distance per unit height V^ is defined by a tangent from zero vertical speed at the ordinate to die gliding superpolar. If birds maximize their cross-country speed, they have to adjust their gliding airspeed to the actual thermal conditions and glide with the optimal airspeed V -(me, maximum cross-country speed). V_ is found by drawing a tangent from the point of the actual climbing rate in thermal circling on the ordinate to the gliding superpolar. Corresponding cross-country speeds are at the intersection of die tangent and the Kne of zero vertical speed. The cross-country speed, V^^, is achieved when gliding with Vj, between thermals; the maximum cross-country speed, V a(m^, accordingly when gliding with V_ Observation sites and recording of data Raptor migration was studied in southern Israel at two observation sites: in the Negev Highlands near Sede Boqer, and in the Arava Valley near Hazeva. In die autumn of 1991, observations were carried out from 10 September to 31 October at both sites, mainly during die morning until 1100 h and in the late afternoon from 1600 h onward. In spring 1992, observations took place from 1 March to 20 May in die Arava Valley, and from 1 to 30 April in die Negev Highlands. In autumn 1992, observations were restricted to die Arava Valley, from 10 August to 18 September. Most flight paths analyzed in this paper were from die spring.
"Superfledermaus" radars were used. Bird tracking is possible up to distances of about 8 km in a half sphere around die radar for a bird of the size of a steppe buzzard. Each second die radar transmitted die position of tile bird (distance±10 m; azimuth and elevation±0.06°; Bruderer et aL, 1995) and transformed die polar coordinates into Cartesian x, y, and z coordinates which were recorded in a computer, die track was visualized cm die computer screen. Simultaneously, an experienced observer identified die tracked target through a 12.4X telescope mounted parallel to die radar beam. Each bird was observed visually during its tracking time to obtain information on wing beats, flock sizes, and flock compositions. Pilot balloons, released and tracked every 4 h, gave information on wind speed and direction at all flight levels. For further information see Bruderer et al. (1995) .
Analysis of tracks
The raptor tracks were subdivided into intervals of 10 s. Complete gliding and soaring phases were marked interactively at die computer screen. A complete soaring phase was defined from die end of a gliding phase to die start of die next when tile bird was carding in a thermal. At die end of thermal phases, when the birds started gliding, they often had positive vertical speeds, gliding slowly for several s until they left die updraft zone. The situation before diey started circling in die thermal was similar. We excluded these parts of die trackswhen calculating vertical and horizontal speeds. Gliding direction is considered die preferred migratory direction. Statistics are based on Sokal and Rohlf (1981) 
where V g is the gliding groundspeed, V m is the windspeed, and a is the angle between track (i.e., gliding) and wind direction. Model and variables for calculating the cross-country speed relative to the air (V^^) are explained in figure 3: without any wind influence, cross-country speed relative to the air can be calculated as follows:
where V. is the gliding airspeed, <L is the duration of interthermal gliding, and ^ is the duration of thermal circling. If the height differences (AA) in thermal circling and intertbermal gliding are equal, the following equation is valid:
where V t is the climbing rate in thermal circling and V, is the sinking rate in interthermal gliding. By substituting t r in Equation 2, the final formula for the cross-country speed relative to the air is obtained:
This equation contains flight parameters that can be measured with the tracking radar. These flight parameters allow a reliable calculation of the cross-country speeds relative to the air. Cross-country speed relative to the ground (V c^ovod ) is calculated from V cak and the wind vector as follows ( Figure  2 ):
V cctmlBi is at its mVrimnTTi where V^ is maximal. Therefore, if birds maximize cross-country speed according to flight theory, gliding airspeeds should be independent of horizontal wind. Tailwind component, T^ and sidewind component, 5^ in relation to the gliding (track) direction are calculated by:
and
Bknnetric data Body mass, wing span, and wing area (or at least aspect ratio) are necessary to calculate the theoretical flight performance of a bird with program 2 (version 1.1) of Pennycuick (1989) . Because no measurements of steppe buzzards were made for this study, biometric data of Mendelsohn et al. (1989) and Gorney and Yom-Tov (1994) were applied. Steppe buzzards caught in southern Israel at Eilat showed the following body masses: adults 579±85 g (n -420), immature* 529±67 g (n » 973) (Gomey and Yom-Tov, 1994) . Steppe buzzards measured in South Africa during the nonbreeding season had an average wing span of 118.8±4.7 an and an average wing area 
Tnfliwnrr of wind
Gliding birds compensated for lateral drift and turned their heading into die wind (Figure 7) . In following winds, the 
Following winds Side winds Opposing winds
Wind direction* Figure 7 Percentual distribution of gliding and wind directions of die steppe buzzards migrating under different wind conditions; nij^rafcory bir us m sp^ins onrjr (for definition tee Figure 4) . Track direction corresponds to the gliding direction over ground and heading direction to the orientation of the bird's body:
in Table 2 
DISCUSSION

Theoretical predk ona and empirical values
Theoretical predictions for an optimal soaring-gliding strategy were compared with a reliable set of data. The results 
± 1.7
Following winds: angle between gliding and wind direction bO i 60*. Side winds: angle between gliding and wind direction is 90 i 29*. Opposing winds: angle between gliding and wind direction is 180 ± 60*. show that steppe buzzards maximize their cross-country performance in soaring-gliding flight. According to the model, they adopted an optimal interthermal gliding airspeed, Vâ ccording to the climbing rate in thermal circling, and thus reached maximum cross-country speed V^^ in relation to the air. There is considerable scatter around the predicted curves. Some variation had to be expected, since the theoretical curves are calculated for a steppe buzzard with average body characteristics. However, when calculating the flight performance for steppe buzzards of different body mass, wing span, and area (i.e., accounting for the natural variation in body characteristics; Gorney and Yom-Tov, 1994) according to Pennycuick, flight characteristics such as gliding superpolar, V a(lâ nd V^^ are similar. The following facts might explain the additional variation in the measured flight parameters: first, the comparison of the theoretical gliding superpolar and the actual gliding airspeeds and sinking rates revealed that the birds often had lower sinking rates than predicted. There are two possible reasons for this: either the gliding steppe buzzards had a better gliding performance than predicted, probably because they can reach high airspeeds by flexing the wings to a more minor extent than the model predicts (see "span factor" in Appendix), or, more likely, they did not glide through still air but often crossed zones whith rising air. In Israel, this was also observed in steppe eagles, which are able to soar in a straight line gliding for several kilometers (Spaar and Bruderer, 1996) . Gliding through rising air might be also the reason steppe buzzards reached higher maximum crosscountry speeds than the model predicted (Figure 6 ). Second, wind direction and wind speed were measured every 4 h at all flight levels; although winds were quite stable at the observation sites (Spaar R, Bruderer B, unpublished data), their short-turn changes may explain some of the additional variation when calculating airspeeds by subtracting the wind vector from the track vector. This would, however, only increase scatter and not bias the data systematically.
Third, birds probably never adopt a certain behavior perfectly. Flight bohaviw during migtatiea is only one of several selective*forces influencing flight performance. A soaring bird that reacts to environmental conditions has to recognize and estimate the climbing rate or wind direction and wind speed. These estimations will guide the flight behavior such as the adjustment of an adequate airspeed or the direction of migration. Gliding behavior may also deviate strongly from optimality if a bird is searching for a roosting site or deciding whether to Join other soaring birds in a good thermal The assumption of the model about equal height differences in thermal circling and interthermal gliding is often not true, it seems that birds catch good thennals whenever they appear. However, birds migrating over long distances use a certain height band (Leshem and Yom-Tov, 1996), which is comparable to equal height differences.
Influence of wind
The steppe buzzards reacted to different wind situations: they reduced their gliding airspeeds in following winds. Airspeeds were about S m/s lower than in side or opposing winds. Nevertheless, gliding groundspeeds were still higher in following winds. Climbing rates were about 0.5 m/s lower in following winds. If adjusting optimal airspeeds according to the theory, average gliding airspeed should be only 1.4 m/s lower than in side and opposing winds. Why did the birds lower their airspeeds in following winds? One reason is that by gliding slower than V^ (airspeed between V^ and V^, birds reduce their gliding angles in relation to the ground (Table 2) and therefore cover longer distances over ground per unit height and lower the risk of not finding a good thermal. The results showed that the soaring conditions were worse in following winds than in side and opposing winds, but the flight altitudes were similar under the different wind situations. This may enhance the chance of finding suitable thennals under the weaker thermal conditions in following winds. Despite the lower climbing rates and gliding airspeeds, the resulting crosscountry speed in relation to the ground was still higher in following winds than in side and opposing winds. A second possible reason is that the birds tended to achieve a certain groundspeed level, similar to passerines, which enhance airspeed in following winds and decrease airspeed in opposing winds (Iiechti, 1992).
In thermal updrafts, circling birds reduced the wind drift in side and opposing winds by 0.6-0.7 m/s (Figure 8) . They compensated for the negative wind component in the direction of migration. Combined with the higher climbing rates in thermal curling and the higher interthermal airspeeds, they reached significantly higher cross-country speeds in re- 
Interspecific comparison of optimal flight behavior
Optimized soaring and gliding flight was also found in other species. Steppe eagles reacted to the environmental conditions and adjusted their gliding airspeed according to climbing rate (Spaar and Bruderer, 1996) . Furthermore, they soared in straight line gliding if linear arrays of thermals were available. They glided forward without losing and even gaining height, occasionally over several kilometers, and they reached high cross-country speeds in relation to the ground because they lost no time soaring in stationary thermals. 'Very often, steppe eagles combined soaring in thermals and in a straight line. Thus, maTimiring cross-country speed in soaring l il dj il g g y p g and gliding flight not only involves adjustments to optimal airspeed but includes other behavioral reactions to environmental conditions such as timing of migration, flight direction in relation to the wind, and further profitable techniques such as soaring in a straight line. Pennycuick (1972) notes that birds use this strategy over tens of kilometers if thermal "streets" are available.
Interthermal gliding airspeed depends on several factors (Spaar, 1997). Besides the climbing rate, tailwind component, sidewind component, and flight altitude affect airspeed. Different species react differently to these factors: in 9 of 13 species analyzed airspeed was positively correlated with climbing rate (steppe eagle; lesser spotted eagle, Aquila pomarina, booted eagle, Hienuutus pmnatus; Egyptian vulture, Neophron ptrcnopttrus, steppe buzzard; honey buzzard, Pernis apivorus, marsh harrier, Circus aeruginosus, levant sparrowhawk, Acapiter brcvtpa; and small falcons, Falco spp.). Tailwind component was negatively related and sidewind component was positively related to airspeed in most cases.
An interspecific comparison of harriers revealed fundamental differences within this group: marsh harriers adjusted their gliding airspeed according to the climbing rate, whereas pallid harriers. Grots marcourus, and Montagu's harriers, Circus pygargus, did not (Spaar, 1997; Spaar and Bruderer, 1997 
